Abstract: A kind of reliability analysis method for C/SiC woven composite components was proposed, which is based on moment methods. Moment methods combining with perturbation method, the central difference method, as well as the Edgeworth series are applied to calculate the reliability of complex component for its effectivity and accuracy. The results computed by moment methods are sensitive to the distribution of parameters; thus, reliability sensitivity analysis has been performed. The reliability and sensitivity information of the complex components can be accurately and quickly obtained using a practical computer program. Finally, the proposed reliability-sensitivity analysis method is applied to CMCs components design. By comparing with Monte Carlo simulation, the numerical results demonstrate that the proposed approach provides accurate, convergent, and computationally efficient for finite element method-based reliability analysis in engineering practice.
Introduction
In traditional design, safety factor has been used in structure design to account for the randomness involved in loads, physical parameters, and working circumstances. Such a design procedure, as it lacks the logical basis for addressing uncertainties, could result in a costly and unnecessary conservatism [1, 2] . Probabilistic analysis methodologies are essential tools to observe the effect of uncertainty in engineering system [3] . One of the fundamental problems in the probabilistic analysis methodologies is a multidimensional integration to quantify the probabilistic nature of the system responses. Because it is almost impossible to conduct the multidimensional integration analytically and numerically, many approximate methods and simulation methods are developed so far [4] , such as the firstorder reliability method [5] , the second-order reliability method [6] [7] [8] , and the Monte Carlo and advanced Monte Carlo simulation method [9] . The difficulties in first-order/ second-order reliability method are finding out the most probable failure point, errors involved in the nonlinear failure surface, and errors caused by nonnormality of variables [10] . Monte Carlo simulation is the most widely used sampling method but demands thousands of computational analyses, so it is often used for the verification of probability analysis when the other probabilistic design methodologies are employed [3] .
The moment methods have advantages that these do not involve the difficulties of searching the most probable failure point and the information of the probability density function (PDF) of input random variables is readily available. Zhao studied several moment methods for reliability analysis [11] [12] [13] [14] [15] . The calculated results show that the moment methods have no shortcomings associated with the design point and do not require iteration. Zhang investigated a kind of moment method for reliability analysis by using the perturbation method, the Edgeworth series, and the reliability sensitivity technique [16] [17] [18] [19] [20] . Meanwhile, Zhang pointed out that his method is effective and reliable. Both the moment methods proposed by Zhao and Zhang used mathematical expressions, which cannot be directly applied to implicit limit state function (LSF). Lee and Kwak [10] pointed out that the common problem of moment-based reliability calculation methods is that they become inefficient when the finite element analysis is used in evaluating the implicit LSF and he then proposed a kind of moment methods for reliability analysis based on the respond surface method for implicit LSF. In fact, the central difference method [21] can be used to calculate the partial derivative of the implicit LSF when Zhang's method is used to calculate the reliability of implicit LSF, and the implicit LSF is only called 2n times to calculate the partial derivative, where n is the number of random variables.
Sun et al. [22] pointed out that the probabilistic results are sensitive to the distribution data, and a slight error of the statistical data may lead to a great deviation of the result, so reliability sensitivity analysis is important. Reliability-based sensitivity analysis has been widely applied in reliability engineering design [18] . There are two paths to concern the method of reliability sensitivity: one is based on Monte Carlo simulation [23] , which has the advantages of accuracy and the disadvantage of low efficiency, and the other is based on the partial derivative with respect to the distribution parameters of basic random variables [24] [25] [26] , which has the advantages both accuracy in engineering practice and high efficiency. Structural reliability sensitivity calculation method has been successfully developed by Zhang [18] with arbitrary distribution parameters by using the Edgeworth series and perturbation theory, which has the advantages of good accuracy and high efficiency.
The proposed method focuses on the reliability and reliability sensitivity analysis of complex structures with arbitrary distribution parameters. By using the perturbation method, central difference method, Edgeworth series, and sensitivity analysis approach, a practical and efficient method is proposed to compute the reliability and reliability of the complex components with arbitrary distribution parameters. The proposed method is applied to several examples and compared with the MCS method. The numerical results demonstrate that the proposed method is a convenient method for reliability and reliability sensitive analysis.
Perturbation method of reliability analysis
The structural reliability problem is often formulated in terms of a vector of basic random variables that represent uncertain quantities influencing the state of structure, such as loads, environmental factors, material properties, structural dimensions, and variables introduced to account for model and prediction errors. The essence of the structural reliability problem is the probability integral
where f X (X) defines the PDF of X, and g X (X) denotes the state function of the structure in terms of X representing the safe state or failure state, which is widely named as LSF.
where g(X) = 0 is the limit state equation representing an n-dimensional surface, which is called limit state surface. The moment methods for structural reliability have no shortcomings associated with the design points, and do not require iteration, which is convenient to be applied to structural reliability analysis [13] . The first four moments of LSF can be defined as [27] 
where the (·) [k] is the Kronecker power, which can be
and the symbol ⊗ represents the Kronecker product, which can be defined as
X is the mean value of the random parameters, Var(X) is the variance matrix that includes all of variance and covariance of the random parameters, and C 3 (X) and C 4 (X) are the third and fourth central moments of the random parameters. μ g , σ 2 g , θ g , and η g are the first, second, third, and fourth central moments of the LSF,
is the first-order partial derivative of the LSF. The first-order partial derivatives of LSF can be calculated by central difference method [21] :
The first-order partial derivatives of LSF can be expressed as
The moment methods can be applied using the Edgeworth series, and the failure probability of LSF is expressed by the first four moments using the following expansion:
where F(-β) is the failure probability of LSF, β is repre- 
Thus, the reliability of LSF is represented as
The real distribution of random parameters could be approached precisely by the Edgeworth series. Sometimes, the reliability R∉[0, 1] can occur because there is deviation existing between the approximate distribution function and the real distribution function, when Eq. (8) is used to determine the reliability of LSF, and R∉[0, 1] appeared, the amendatory expression was employed:
3 Reliability sensitive analysis method
The reliability sensitivity with the mean value of random parameters is approximately derived as follows [27] :
The reliability sensitivity with the standard variance of random parameters is approximately derived as follows:
where
If the reliability R∉[0, 1] occurs, Eq. (18) should be used to instead of Eq. (11):
where ( -)-( -)
4 Numerical example
Material properties of C/SiC woven composite
Experiments of C/SiC woven composite were conducted to carry out to the material properties. In the present work, fabric of T300 carbon was used. The specimens were made by CVI techniques, and tensile test specimens were prepared. Quasi-static tension tests were preformed on MTS809, and the specimens were tested both at room temperature (17°C) and at elevated temperature (800°C). Extensometer was used to measure strains for all tests.
The geometry of specimens is shown in Figure 1 . There are five warp direction specimens and four weft direction specimens at room temperature and four warp direction specimens and three weft direction specimens at elevated temperature. The in-plane material properties of woven composite can be obtained by experiment, such as the elastic moduli E 1 and E 3 , coefficient of thermal expansion (CTE) CTE 1 and CTE 2 , and the strength of woven composite. The other material properties can be achieved by analytical material properties prediction model [28, 29] . The material properties of C/SiC woven composite are shown in Table 1 . A B C Figure 2 Vane structure of C/SiC woven composite.
Structure of C/SiC woven composite
The vane structure manufactured in this study is shown in Figure 2 (A). Each vane had a constant cross over a height of 80 mm, with a trailing edge radius of 0.68 mm, a leading edge radius of 4 mm, and a cord length of 90 mm. The fiber tows forming the trailing edge section are interlocked, thereby enhancing the through-the-thickness strength capability of the composite material. Figure 2(B) shows the finite element model of vane structure, and Figure 2 (C) shows the material coordinate system for each element of vane. The design variable of vane structure is its thickness. The temperature and pressure of vane boundary condition are shown in Figures 3 and 4 [30] . The pressure of inner surface was 0.9 MPa, and the pressure of outer surface was uniformly decreased from 0.8 to 0.68 MPa, and pressure decreased as 0.12 MPa. The stress distribution of vane can be calculated by taking the temperature and pressure loads into the finite element model of vane structure. Stress distribution of vane structure is shown in Figure 4 , when the thickness of vane structure equals 1.5 mm. The maximum stress is 105 MPa, which is smaller than the strength of material. 
Reliability sensitivity analysis C/SiC woven composite
Material properties, boundary conditions, and dimension adversely affect the reliability of the vane structure. To ensure that the vane structure has sufficient reliability, it is necessary to analyze the reliability and sensitivity of turbine vane structure. An LSF for woven composite structure is defined as [31] 
where R is the strength of woven composite structure and S is the maximum stress of woven composite structure. The measured C/SiC woven composite material strength and modulus showed a substantial amount of scatter. The LSF of C/SiC woven composite vane structure is affected primarily by the in-plane stiffness of the material as well as the loading condition and needs to be compared to the strength of composite material. The random variables for reliability sensitivity analysis are shown in Table 2 . In this article, all the random variables are assumed to be independent.
Before calculating the reliability and sensitivity of the turbine vane structure, the first four moments of the design variables should be calculated based on the distribution and parameter of random variables. Because of independent design variables, the mixed moment of random variables are zero, and the first four central moments of the random variables are shown in Table 3 .
The LSF of vane structure at mean value of the random variables is g = R-S = 78.13. The design points and the LSF results are shown in Table 4 .
The first-order partial derivatives of LSF can be expressed as Substituting Table 3 and Eq. (20) into Eq. (3), the first four moments of LSF can be achieved and the first four moments of LSF are [78.1863, 1.9117e+03, -1.7744e+03, 4.6216e+06], and then substituting the calculation results into Eq. (6), the reliability of LSF is R = 0.9654.
The Monte Carlo method was used to simulate the reliability of LSF, PDFs, and cumulative distribution function of LSF as shown in Figure 5 . The minimum value of LSF is -163.88, which is less than zero, and the vane structure has failure probability. The reliability was simulated by ANSYS is 0.9388. The error between the present method and the Monte Carlo method is 0.0265.
The reliability sensitivity with the mean value and the variance of random variables are shown in Tables 5 and 6, respectively. The derivatives of the reliability with respect to the vector of random parameters were established. As expected from this example, the reliability of the vane structure increases as the E 3 , R, Thick, P 2 increase, but the reliability descends as the E 1 , P 1 rise. The results also established that the reliability is very sensitive to the P 1 , P 2 , Thick.
With the different thickness condition, the reliability index and reliability will change. Figure 6 shows the relation between reliability index and reliability by using the proposed method and Monte Carlo simulation; meanwhile, the error between the two methods is analyzed. The relation curves in Figure 6 indicate that the results obtained from the proposed method are close to that obtained from Monte Carlo simulation. The maximum error in this example is 0.0266, where the thickness of vane is 1.5 mm and the reliability index is 1.79. The reliability in interval [0.99,1] is usually used for reliability analysis in engineering practice, the maximum error is 0.0098 when the reliability is in such interval, and the error is descends when the reliability index increases.
Conclusion
In this thesis, a computational reliability sensitivity analysis method for complex components with arbitrary distribution parameters was proposed. Moment methods combining with perturbation method, the central difference method, as well as the Edgeworth series were applied to reliability and sensitivity information of the complex components can be accurately and quickly obtained using a practical computer program.
Then, the proposed reliability-sensitivity analysis method is applied to CMCs components design. The reliability of LSF calculated by this method is R = 0.9654, comparing with Monte Carlo simulation by which the calculated reliability of LSF is 0.9388; the numerical results demonstrate that the proposed approach provides accurate, convergent, and computationally efficient for finite element methodbased reliability analysis in engineering practice.
compute the reliability of complex components with nonnormal distributing parameters. Then, reliability sensitivity analysis was conducted to guarantee the stability of reliability with variational distribution of parameters. The
